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The present observational status of neutrino physics is sketched, with emphasis on the hints that follow from
solar and atmospheric neutrino observations, as well as dark matter. I also briefly review the ways to account for
the observed anomalies and some of their implications.
1. INTRODUCTION
One of the biggest drawbacks of the Standard
Model (SM) is that the masslessness of neutrinos
is not dictated by an underlying grand principle,
such as that of gauge invariance in the case of the
photon: the SM simply postulates that neutrinos
are massless and, as a result, all their properties
are trivial, e.g. magnetic and transition moments
are zero, etc. Massless neutrinos would be ex-
ceptional particles, since no other such fermions
exist. If massive, neutrinos would present another
puzzle, of why are their masses so much smaller
than those of the charged fermions. The fact that
neutrinos are the only electrically neutral elemen-
tary fermions may hold the key to the answer,
namely neutrinos could be Majorana fermions,
the most fundamental ones. In this case the sup-
pression of their mass could be associated to lep-
ton number conservation, as actually happens in
many extensions of the SM.
From the observational point of view non-zero
neutrino masses now seem required in order to
account for the data on solar and atmospheric
neutrinos, as well as the (hot) dark matter in
the universe. Detecting neutrino masses is one
of the most outstanding challenges in particle
physics, with far-reaching implications also for
the understanding of fundamental issues in as-
trophysics and cosmology. Though very dicult,
future experiments could shed light on the issue
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of neutrino masses and the conservation of lepton
number. One interesting aspect of many mod-
els where neutrinos have non-vanishing masses is
that they lead to eects that could be experi-
mentally tested. Before over-viewing the present
observational limits and hints in favour of mas-
sive neutrinos, let us make a few general remarks
about the theoretical models.
2. THEORETICAL MODELS
One of the most attractive approaches to gen-
erate neutrino masses is from unication. Indeed,
in trying to understand the origin of parity vio-
lation in the weak interaction by ascribing it to a
spontaneous breaking phenomenon, in the same
way as the W and Z acquire their masses in the
SM, one arrives at the so-called left-right symmet-
ric extensions such as SU(2)L⊗SU(2)R⊗U(1)[1],
SU(4)⊗SU(2)⊗SU(2) [2] or SO(10) [3], in some
of which the masses of the light neutrinos are ob-
tained by diagonalizing the following mass matrix





where D = hD hHi =
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2 is the standard SU(2)⊗
U(1) breaking Dirac mass term and MR = M
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In general, however, this matrix also contains a
 term [4] whose size is expected to be also sup-
2pressed by the left-right breaking scale. As a
result one is able to explain naturally the rela-
tive smallness of neutrino masses. Even though
it is natural to expect MR to be large, its magni-
tude heavily depends on the model. As a result
one can not make any real prediction for the cor-
responding light neutrino masses that are gen-
erated through the seesaw mechanism. In fact
this freedom has been exploited in model build-
ing in order to account for an almost degenerate
neutrino mass spectrum [5].
Although very attractive, unication is by
no means the only way to generate neutrino
masses. There is a large diversity of other possible
schemes which do not require any new large mass
scale. For example, it is possible to start from an
extension of the lepton sector of the SU(2)⊗U(1)
theory by adding a set of two 2-component isosin-
glet neutral fermions, denoted ci and Si, to each
generation. In this case there is an exact L sym-
metry that keeps neutrinos strictly massless, as in
the SM. The conservation of total lepton number
leads to the following form for the neutral mass
matrix (in the basis ; c; S)24 0 D 0DT 0 M
0 MT 0
35 (3)
This form has also been suggested in various the-
oretical models [6], including many of the super-
string inspired models. In the latter case the ze-
ros of eq. (3) naturally arise due to the absence of
Higgs elds to provide the usual Majorana mass
terms, needed in the seesaw model [7]. Clearly,
one can easily introduce non-zero masses in this
model through a SS term that could be propor-
tional to the VEV of a singlet eld  [8]. In con-
trast to the seesaw scheme, the neutrino masses
are directly proportional to hi. This model pro-
vides a conceptually simple and phenomenologi-
cally rich extension of the Standard Model, which
brings in the possibility that a wide range of new
phenomena be sizeable. These have to do with
neutrino mixing, universality, flavour and CP vi-
olation in the lepton sector [9,10], as well as di-
rect eects associated with Neutral Heavy Lep-
ton (NHL) production at high energy colliders
[11]. A remarkable feature of this model is the
possibility of non-trivial neutrino mixing despite
the fact that neutrinos are strictly massless. This
tree-level eect leads to a new type of resonant
neutrino conversion mechanism that could play
an important role in supernovae [12,13]. More-
over, there are loop-induced lepton flavour and
CP non-conservation eects whose rates are pre-
cisely calculable [9,10,14]. I repeat that this is
remarkable due to the fact that physical light
neutrinos are massless, as in the standard model.
This feature is the same as what happens in the
supersymmetric mechanism of flavour violation
[15]. Indeed, in the simplest case of SU(5) su-
pergravity unication, there are flavour violating
processes, like  ! eγ, despite the fact that in
SU(5) neutrinos are protected by B-L and remain
massless. The supersymmetric mechanism and
that of eq. (3) dier in that the lepton flavour vi-
olating (LFV) processes are induced in one case
by NHL loops, while in supersymmetry they are
induced by scalar boson loops. In both cases the
particles in the loops have masses at the weak
scale, leading to branching ratios [9,10,14] [16,17]
that are sizeable enough to be of experimental
interest [18{20].
Supersymmetry with broken R-parity also pro-
vides a nice mechanism for the origin of neutrino
mass [21,22]. For example, in a model where R-
parity is broken by a bilinear term in the su-
perpotential [21] the tau neutrino  acquires a
mass, due to the mixing between neutrinos and






























2gv3 0 3 0
37775(4)
This mixing is proportional to the R-parity and
lepton-number violating parameters 3 and v3.
In the simplest unied supergravity model the
3 and the v3 are related [21]. They lead to
a non-zero Majorana  mass, which depends
quadratically on an eective parameter  dened
as   (3v1+v3)2. It is important to notice that
the neutrino mass generated through R-parity vi-
olation in this model is not necessarily large, even

































Figure 1. Tau neutrino mass versus 3
(1) we display the allowed values of m (in the
tree level approximation). As can be seen from
the gure the m values can cover a very wide
range, up to values in the MeV range, comparable
to the present LEP limit [23]. The latter places
a limit on the value of . Notice that e and
 remain massless in this approximation. They
get masses either from radiative corrections [24]
or by mixing with singlets in models with spon-
taneous breaking of R-parity [25].
There is also a large variety of radiative
schemes to generate neutrino masses. The pro-
totype models of this type are the Zee model and
the model suggested by Babu [26]. In these mod-
els lepton number is explicitly broken, but it is
easy to realize them with spontaneous breaking of
lepton number. For example in the version sug-
gested in ref. [27] the neutrino mass arises from
the diagram shown in Fig. (2).
Other than the seesaw scheme, none of the
above models requires a large mass scale. In all of
them one can implement the spontaneous viola-
tion of the global lepton number symmetry lead-
ing to neutrino masses that scale directly propor-
tional to the lepton-number scale or some positive
power of it, in contrast to the original Majoron
model [28]. Such low-scale models are very at-
tractive and lead to a richer phenomenology, as
the extra particles required have masses at scales
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Figure 2. Two-loop-induced Neutrino Mass.
One remarkable example is the possibility invisi-
bly decaying Higgs bosons [29].
The above discussion should suce to illus-
trate the enormous freedom and wealth of phe-
nomenological possibilities in the neutrino sector.
These reach well beyond the realm of conven-
tional neutrino experiments, including also sig-
natures that can be probed, though indirectly, at
high energy accelerators. An optimist would re-
gard as very exciting the fact that the neutrino
sector may hold so many experimental possibil-
ities, while a pessimist would be discouraged by
the fact that one does not know the relevant scale
responsible for neutrino mass, nor the underly-
ing mechanism. Last but not least, one lacks a
theory for the Yukawa couplings. As a conse-
quence neutrino masses are not predicted and it
is up to observation to search for any possible
clue. Given the theoretical uncertainties in pre-
dicting neutrino masses from rst principles, one
must turn to observation. Here the information
comes from laboratory, astrophysics and cosmol-
ogy.
43. OBSERVATIONAL LIMITS ON NEU-
TRINO MASSES AND MIXINGS
3.1. Laboratory Limits
The best limits on the neutrino masses can be
summarized as [30]:
me < 5eV; m < 170keV; m < 18MeV(5)
These are the most model-independent of the lab-
oratory limits on neutrino mass, as they follow
purely from kinematics. The limit on the e mass
comes from beta decay, that on the  mass
comes from PSI (90 % C.L.) [31], with further
improvement limited by the uncertainty in the
− mass. On the other hand, the best  mass
limit now comes from high energy LEP exper-
iments [23] and may be substantially improved
at a future tau-charm factory [32]. In connection
with tritium beta decay limit [33] even though the
negative m2 value has now been claried, there
are still un-understood features in the spectrum,
probably of instrumental origin. Further results
from the Mainz experiment are awaited.
Additional limits on neutrino masses follow
from the non-observation of neutrino oscilla-
tions. The most stringent bounds come from
reactor oscillation experiments [34] (e - x os-
cillations); from meson factory oscillation ex-
periments (KARMEN [35], LSND [36]) and
from high-energy accelerator experiments E531
and E776 [37] ( -  ). A search for  to
e oscillations has now been reported by the
LSND collaboration using  from 
+ decay in
flight [38]. An excess in the number of beam-
related events from the C(e; e
−)X inclusive reac-
tion is observed. The excess cannot be explained
by normal e contamination in the beam at a con-
dence level greater than 99%. If interpreted
as an oscillation signal, the observed oscillation
probability of (2:61:00:5)10−3 is consistent
with the previously reported  to e oscillation
evidence from LSND. Another recent result comes
from NOMAD and rules out part of the LSND re-
gion. The future lies in searches for oscillations
using accelerator beams directed to far-out un-
derground detectors, with very good prospects for









































Figure 3. Sensitivity of 0 experiments.
CERN and Fermilab.
If neutrinos are of Majorana type a new form
of nuclear double beta decay would take place in
which no neutrinos are emitted in the nal state,
i.e. the process by which an (A;Z−2) nucleus de-
cays to (A;Z) + 2 e−. In such process one would
have a virtual exchange of Majorana neutrinos.
Unlike ordinary double beta decay, the neutrino-
less process violates lepton number and its exis-
tence would indicate the Majorana nature of neu-
trinos. Because of the phase space advantage, this
process is a very sensitive tool to probe into the
nature of neutrinos.
Present data place an important limit on
a weighted average neutrino mass parameter
hmi < 1 − 2 eV. The present experimental sit-
uation as well as future prospects is illustrated
in Fig. (3), taken from ref. [39]. Note that
this bound depends to some extent on the rel-
evant nuclear matrix elements characterising this
process [40]. The parameter hmi involves both
neutrino masses and mixings. Thus, although
rather stringent, this limit may allow very large
neutrino masses, as there may be strong cancella-
tions between dierent neutrino types. This may
happen automatically in the presence of suitable
symmetries. For example, the decay vanishes if
the intermediate neutrinos are Dirac-type, as a
result of the corresponding lepton number sym-
metry [41].
5Neutrino-less double beta decay has a great
conceptual importance. It has been shown [42]
that in a gauge theory of the weak interac-
tions a non-vanishing 0 decay rate requires
neutrinos to be Majorana particles, irrespective
of which mechanism induces it. This is impor-
tant since in a gauge theory neutrino-less double
beta decay may be induced in other ways, e.g. via
scalar boson exchange.
3.2. Limits from Cosmology
There are a variety of cosmological arguments
that give information on neutrino parameters. In
what follows I briefly consider the critical density
and the primordial Nucleosynthesis arguments.
3.2.1. The Cosmological Density Limit
The oldest cosmological bound on neutrino
masses follows from avoiding the overabundance
of relic neutrinos [43]X
mi < 92 Ωh
2 eV ; (6)
where Ωh
2  1 and the sum runs over all
species of isodoublet neutrinos with mass less
than O(1 MeV ). Here Ω = =c, where  is
the neutrino contribution to the total density and
c is the critical density. The factor h
2 measures
the uncertainty in the present value of the Hub-
ble parameter, 0:4  h  1, and Ωh2 is smaller
than 1. For the  and  this bound is much
more stringent than the laboratory limits eq. (5).
Apart from the experimental interest [32], an
MeV tau neutrino also seems interesting from the
point of view of structure formation [44]. More-
over, it is theoretically viable as the constraint
in eq. (6) holds only if neutrinos are stable on
the relevant cosmological time scale. In models
with spontaneous violation of total lepton num-
ber [28] there are new interactions of neutrinos
with the majorons which may cause neutrinos to
decay into a lighter neutrino plus a majoron, for
example [45],
 !  + J : (7)
or have sizeable annihilations to these majorons,
 +  ! J + J : (8)
The possible existence of fast decay and/or an-
nihilation channels could eliminate relic neutrinos
and therefore allow them to have higher masses,
as long as the lifetime is short enough to allow for
an adequate red-shift of the heavy neutrino de-
cay products. These 2-body decays can be much
faster than the visible modes, such as radiative
decays of the type 0 ! +γ. Moreover, the Ma-
joron decays are almost unconstrained by astro-
physics and cosmology (for a detailed discussion
see ref. [43]).
A general method to determine the Majoron
emission decay rates of neutrinos was rst given
in ref. [46]. The resulting decay rates are
rather model-dependent and will not be discussed
here. Explicit neutrino decay lifetime estimates
are given in ref. [25,45,47]. The conclusion is
that there are many ways to make neutrinos suf-
ciently short-lived and that all mass values con-
sistent with laboratory experiments are cosmo-
logically acceptable.
3.2.2. The Nucleosynthesis Limit
There are stronger limits on neutrino lifetimes
or annihilation cross sections arising from cosmo-
logical nucleosynthesis. Recent data on the pri-
mordial deuterium abundance [48,49] have stim-
ulated a lot of work on the subject [50{52]. If a
massive  is stable on the nucleosynthesis time
scale, ( lifetime longer than  100 sec), it can
lead to an excessive amount of primordial helium
due to their large contribution to the total energy
density. This bound can be expressed through
an eective number of massless neutrino species
(N). If N < 3:4 − 3:6, one can rule out 
masses above 0.5 MeV [53,54]. If we take N < 4
the m limit loosens accordingly. However it has
recently been argued that non-equilibrium eects
from the light neutrinos arising from the annihila-
tions of the heavy  ’s make the constraint a bit
stronger in the large m region [55]. In practice,
all  masses on the few MeV range are ruled out.
One can show, however that in the presence of
 annihilations the nucleosynthesis m bound
is substantially weakened or eliminated [56]. Fig.
4 gives the eective number of massless neutri-















Figure 4. A heavy  annihilating to majorons
can lower the equivalent massless-neutrino num-
ber in nucleosynthesis.
 Majoron model with dierent values of the
coupling g between  ’s and J ’s, expressed in
units of 10−5. For comparison, the dashed line
corresponds to the SM g = 0 case. One sees that
for a xed Nmax , a wide range of tau neutrino
masses is allowed for large enough values of g. No
 masses below the LEP limit can be ruled out,
as long as g exceeds a few times 10−4. One can
express the above results in the m − g plane, as
shown in gure 5. One sees that the constraints
on the mass of a Majorana  from primordial nu-
cleosynthesis can be substantially relaxed if anni-
hilations   $ JJ are present. Moreover the
required values of g(m ) are reasonable in many
majoron models [45,56,58]. Similar depletion in
massive  relic abundance also happens if the
 is unstable on the nucleosynthesis time scale
[57] as will happen in many Majoron models.
3.3. Limits from Astrophysics
There are a variety of limits on neutrino pa-
rameters that follow from astrophysics, e.g. from
the SN1987A observations, as well as from super-
nova theory, including supernova dynamics [59]
and from nucleosynthesis in supernovae [60]. Here
I briefly discuss three recent examples of how su-










Figure 5. The region above each curve is allowed
for the corresponding Nmaxeq .
It has been noted a long time ago that, in some
circumstances, massless neutrinos may be mixed
in the leptonic charged current [12]. Conventional
neutrino oscillation searches in vacuo are insensi-
tive to this mixing. However, such neutrinos may
resonantly convert in the dense medium of a su-
pernova [12,13]. The observation of the energy
spectrum of the SN1987A e’s [61] may be used
to provide very stringent constraints on massless
neutrino mixing angles, as seen in Fig. (6). The
regions to the right of the solid curves are for-
bidden, those to the left are allowed. Massless
neutrino mixing may also have important impli-
cations for r-process nucleosynthesis in the super-
nova [60]. For details see ref. [13].
Another illustration of how supernova re-
stricts neutrino properties has been recently con-
sidered in ref. [62]. There flavour chang-
ing neutral current (FCNC) neutrino interactions
were considered. These may induce resonant
massless-neutrino conversions in a dense super-
nova medium, both in the massless and massive
case. The restrictions that follow from the ob-
served e energy spectra from SN1987A and the
supernova r-process nucleosynthesis provide con-
straints on supersymmetric models with R parity
violation, which are much more stringent than
those obtained from the laboratory. In Fig. (7)
we display the constraints on explicit R-parity-
7Figure 6. SN1987A bounds on massless neutrino
mixing.
violating FCNCs in the presence of non-zero neu-
trino masses in the hot dark matter eV range. As
seen from Fig. (7) they disfavour a leptoquark
interpretation of the recent HERA anomaly.
As a nal example of how astrophysics can con-
strain neutrino properties we consider the case of
resonant e ! s and e ! s conversions in
supernovae, where s is a sterile neutrino [63],
which we assume to be in the hot dark matter
mass range. The implications of such a scenario
for the supernova shock re-heating, the detected
e signal from SN1987A and for the r-process nu-
cleosynthesis hypothesis have been recently anal-
ysed [63]. In Fig. (8), taken from [63], we summa-
rize the resulting constraints on mixing and mass
dierence for the e− s system that follow from
these arguments. Notice that for the case of r-
process nucleosynthesis there is an allowed region
for which the r-process nucleosynthesis can be en-
hanced. In fact, strictly speaking, only SN1987A
can yield real bounds on sterile neutrino param-
eters.
4. HINTS FOR NEUTRINO MASSES
So far the only indications in favour of nonzero
neutrino rest masses have been provided by as-
trophysical and cosmological observations, with
a varying degree of theoretical assumptiqons. We
Figure 7. Supernovae and FCNC neutrino inter-
actions.
now turn to these.
4.1. Dark Matter
Considerations based on structure formation in
the Universe have become a popular way to ar-
gue in favour of the need of a massive neutrino
[64]. Indeed, by combining the observations of
cosmic background temperature anisotropies on
large scales performed by the COBE satellite [65]
with cluster-cluster correlation data e.g. from
IRAS [66] one nds that it is not possible to
t well the data on all scales within the frame-
work of the simplest cold dark matter (CDM)
model. The simplest way to obtain a good t
is to postulate that there is a mixture of cold
and hot components, consisting of about 80 %
CDM with about 20 % hot dark matter (HDM)
and a small amount in baryons. The best can-
didate for the hot dark matter component is a
8Figure 8. Supernovae and sterile neutrinos.
massive neutrino of about 5 eV. It has been ar-
gued that this could be the tau neutrino, in which
case one might expect the existence of e !  or
 !  oscillations. Searches are now underway
at CERN [67], with a similar proposal at Fermi-
lab. This mass scale is also consistent with the
hints in favour of neutrino oscillations reported
by the LSND experiment [36].
4.2. Solar Neutrinos
The averaged data collected by the chlorine
[68], Kamiokande [69], as well as by the low-
energy data on pp neutrinos from the GALLEX
and SAGE experiments [70,71] still pose a per-
sisting puzzle, now re-conrmed by the rst 200
Figure 9. Solar neutrinos: theory versus data.
days of Super-Kamiokande (SK) data. The most
recent data can be summarised in Fig. (9) where
the theoretical predictions refer to the BP95 SSM
prediction of ref. [72]. For the gallium result we
have taken the average of the GALLEX [70] and
the SAGE measurements [71].
The totality of the data strongly suggests that
the solar neutrino problem is real, that the sim-
plest astrophysical solutions are ruled out, and
therefore that new physics is needed [73]. The
most attractive possibility is to assume the exis-
tence of neutrino conversions involving very small
neutrino masses. In the framework of the MSW
eect [74] the required solar neutrino parameters
m2 and sin2 2 are determined through a 2 t
of the experimental data. In Fig. (10) , taken
from ref. [75], we show the allowed two-flavour
regions obtained in an updated MSW analysis of
the solar neutrino data including the the recent
9Figure 10. Allowed solar neutrino oscillation pa-
rameters for active neutrino conversions.
SK 200 days data, in the BP95 model for the
case of active neutrino conversions. The analysis
of spectral distortion as well as day-night eect
plays an important role in ruling out large region
of parameters. Compared with previously, the
impact of the recent SK data is felt mostly in the
large mixing solution which, however, does not
give as good a t as the small mixing solution,
due mostly to the larger reduction of the 7Be flux
found in the later. The most popular alternative
solutions to the solar neutrino anomaly include
the MSW sterile neutrino conversions, as well as
the just-so or vacuum oscillation solution. Recent
ts have also been given including the recent SK
data [75].
A theoretical point of direct phenomenological
interest for Borexino is the study of the possible
eect of random fluctuations in the solar mat-
ter density [76]. The existence of noise fluctua-
tions at a few percent level is not excluded by
the SSM nor by present helioseismology studies.
They may strongly aect the 7Be neutrino com-
ponent of the solar neutrino spectrum so that the
Borexino experiment should provide an ideal test,
if suciently small errors can be achieved. The
potential of Borexino in "testing" the level of so-
lar matter density fluctuations is discussed quan-
titatively in ref. [77].
4.3. Atmospheric Neutrinos
Two water Cerenkov underground experi-
ments, Kamiokande and IMB, and possibly also
Soudan2, have indications which support an ap-
parent decit in the expected flux of atmospheric
’s relative to that of e’s that would be pro-
duced from conventional decays of ’s, K’s as
well as secondary muon decays [78]. Although the
predicted absolute fluxes of neutrinos produced
by cosmic-ray interactions in the atmosphere are
uncertain at the 20% level, their ratios are ex-
pected to be accurate to within 5%. While some
of the experiments, such as Frejus and NUSEX,
have not found a rm evidence, it has been ar-
gued that there may be a strong hint for an atmo-
spheric neutrino decit that could be ascribed to
neutrino oscillations. Kamiokande data on higher
energy neutrinos strengthen the case for an at-
mospheric neutrino problem. In ref. [79] the
impact of recent experimental results on atmo-
spheric neutrinos from experiments such as Su-
perkamiokande and Soudan on the determina-
tions of atmospheric neutrino oscillation param-
eters is considered, both for the  !  and
 ! e channels. In performing this re-analysis
theoretical improvements in flux calculations as
well as neutrino-nucleon cross sections have been
taken into account. The relevant oscillation pa-
rameters can be determined from a t and the
allowed regions of parameters are found in ref.
[79]. One of the features is that the best t value
of the m2 is somewhat lower than previously
obtained.
5. RECONCILING PRESENT HINTS
5.1. Almost Degenerate Neutrinos
The above observations from cosmology and as-
trophysics do seem to suggest a theoretical puzzle.
As can easily be understood just on the basis of
numerology, it seems rather dicult to reconcile
the three observations discussed above in a frame-
work containing just the three known neutrinos .
The only possibility to t these observations in
a world with just the three known neutrinos is if
all of them have nearly the same mass  2 eV



















Figure 11. "Heavy" Sterile 4-Neutrino Model
eral seesaw models which also contain an eective
triplet vacuum expectation value [1,4] contribut-
ing to the light neutrino masses. This term should
be added to eq. (2). Thus one can construct
extended seesaw models where the main contri-
bution to the light neutrino masses ( 2 eV) is
universal, due to a suitable horizontal symmetry,
while the splittings between e and  explain the
solar neutrino decit and that between  and
 explain the atmospheric neutrino anomaly [5].
5.2. Four-Neutrino Models
A simpler alternative way to t all the data is
to add a fourth neutrino species which, from the
LEP data on the invisible Z width, we know must
be of the sterile type, call it s . The rst scheme
of this type gives mass to only one of the three
neutrinos at the tree level, keeping the other two
massless [81].
Two basic schemes of this type that keep the
sterile neutrino light due to a special symmetry
have been suggested. In addition to the sterile
neutrino s , they invoke additional Higgs bosons
beyond that of the standard model, in order to
generate radiatively the scales required for the
solar and atmospheric neutrino conversions. In
these models the s either lies at the dark matter
scale [82] as illustrated in Fig. (12) or, alterna-
tively, at the solar neutrino scale [83]. In the rst
case the atmospheric neutrino puzzle is explained
by  to s oscillations, while in the second it is
explained by  to  oscillations. Correspond-
ingly, the decit of solar neutrinos is explained in


















Figure 12. Light Sterile 4-Neutrino Model
second it is explained by e to s oscillations. In
both cases it is possible to t all observations to-
gether. However, in the rst case there is a clash
with the bounds from big-bang nucleosynthesis.
In the latter case the s is at the MSW scale so
that nucleosynthesis limits are satised. They
nicely agree with the best t points of the at-
mospheric neutrino parameters from Kamiokande
[79]. Moreover, it can naturally t the hints
of neutrino oscillations of the LSND experiment
[36]. Another theoretical possibility is that all
active neutrinos are very light, while the sterile
neutrino s is the single neutrino responsible for
the dark matter [84].
5.3. Mev Tau Neutrino
An MeV range tau neutrino is an interesting
possibility to consider for two reasons. First, such
mass is within the range of the detectability, for
example at a tau-charm factory [32]. On the other
hand, if such neutrino decays before the mat-
ter dominance epoch, its decay products would
add energy to the radiation, thereby delaying the
time at which the matter and radiation contribu-
tions to the energy density of the universe become
equal. Such delay would allow one to reduce the
density fluctuations on the smaller scales purely
within the standard cold dark matter scenario,
and could thus reconcile the large scale fluctua-
tions observed by COBE [65] with the observa-
tions such as those of IRAS [66] on the fluctua-
tions on smaller scales.
In ref. [85] a model was presented where an
unstable MeV Majorana tau neutrino naturally
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reconciles the cosmological observations of large
and small-scale density fluctuations with the
cold dark matter model (CDM) and, simul-
taneously, with the data on solar and atmo-
spheric neutrinos discussed above. The solar
neutrino decit is explained through long wave-
length, so-called just-so oscillations involving con-
versions of e into both  and a sterile species
s , while the atmospheric neutrino data are ex-
plained through  ! e conversions. Future
long baseline neutrino oscillation experiments, as
well as some reactor experiments will test this
hypothesis. The model assumes the spontaneous
violation of a global lepton number symmetry
at the weak scale. The breaking of this sym-
metry generates the cosmologically required de-
cay of the  with lifetime   10
2 − 104 sec-
onds, as well as the masses and oscillations of
the three light neutrinos e ,  and s required
in order to account for the solar and atmospheric
neutrino data. One can verify that the big-bang
nucleosynthesis constraints [53,54] can be satis-
ed in this model.
6. CONCLUSION
Although unpredicted, neutrino masses, are
strongly favoured by present models of elemen-
tary particles. On the other hand, they seem
to be required to account for present astrophys-
ical and cosmological observations. Neutrino
mass eects could show up as spectral distor-
tions in many weak decays, such as nuclear 
decays and ‘2 decays. Searches for 0 de-
cays with enriched germanium could test the
quasi-degenerate neutrino scenario that accounts
for the hot dark matter, solar and atmospheric
neutrino anomalies. Underground experiments
Superkamiokande, Borexino, and Sudbury will
shed more light on the solar neutrino issue. Os-
cillation searches with long-baseline experiments
both at reactors and accelerators show good
prospects for testing the regions of oscillation pa-
rameters presently suggested by the atmospheric
neutrino anomaly. Finally, new satellite experi-
ments will test dierent models of structure for-
mation, and shed light on the possible role of neu-
trinos as dark matter.
Despite all the limits from laboratory experi-
ments, both at accelerators and reactors, as well
as the limits from cosmology and astrophysics,
there is considerable room for interesting new ef-
fects in the neutrino sector. These cover an im-
pressive range of energies and could be probed in
experiments performed at underground installa-
tions as well as particle accelerators such as LEP
and LHC.
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